Biomolecule adsorption is the first stage of biofouling. The aim of this work is to reduce protein adsorption on stainless steel and titanium surfaces by modifying them with a poly(ethylene oxide) (PEO)-poly(propylene oxide) (PPO)-PEO triblock copolymer.
Introduction
Biofouling or bioadhesion (Kingshott & Griesser 1999) refer to uncontrolled and irreversible accumulation of biological material on synthetic surfaces, leading to the formation of a biofilm. The accumulation of biofilm on metallic materials can bring adverse effects, as illustrated in Table 1 .
The initial step of biofouling of materials consists in the spontaneous adsorption of biomolecules present in the aqueous environment (Boonaert et al. 2003; Schneider & Leis 2003) . It is indeed recognized that bacteria adhere onto material surfaces through a conditioning film composed of proteins and polysaccharides (Compère et al. 2001) . The formation of a protein layer on the material surface is actually thought to be a requisite for microorganism adhesion which might be attributed to specific recognitions. Adsorbed proteins could moreover serve as concentrated nutrients to attract microorganisms. Adsorption of proteins on metal surfaces is therefore particularly important with respect to biofouling problems. Proteins are known to be the major constituent of fouling substances due to their high activity and affinity toward metal surfaces. Therefore, an efficient surface modification strategy to prevent protein adsorption on metallic surfaces is highly desired.
Immobilization of poly(ethylene oxide) (PEO) on surfaces (Leckband et al. 1999 ) is currently the most common method to reduce protein adsorption on metallic materials, through chemical adsorption using a "grafting to" or a "grafting from" approach (Zhao & Brittain 2000) , or through physical adsorption of block or graft copolymers (Michel et al. 2005 ). The protein resistance properties of hydrophilic PEO-based surfaces are mainly attributed to steric repulsion between proteins and the highly hydrated and flexible PEO chains (Amiji & Park 1992; Rosenhahn et al. 2010) . Poly(L-lysine)-g-PEG (PLL-g-PEG,
where PEG stands for poly(ethylene glycol), a synonym of PEO) is well-known to anchor to negatively charged metal oxide surfaces through the positively charged PLL backbone Kenausis et al. 2000) , and is efficient to reduce protein adsorption. However, the amount of adsorbed PLL-g-PEG on metal oxide surfaces is pH-and ionic strength-dependent.
PEO-PPO-PEO (where PPO stands for poly(propylene oxide)) triblock copolymers, commercially available under the name of Pluronic ® , can also be used to form PEO-based polymer coatings through adsorption on hydrophobic surfaces (Freij-Larsson et al. 1996) , thereby reducing protein adsorption (Green et al. 1998 ). Pluronic ® is commonly used as a non-ionic polymeric surfactant in chemical and pharmaceutical industries (Amiji & Park 1992; Green et al. 1997) . The more apolar PPO block of the triblock copolymer is expected to interact with hydrophobic surfaces, leaving free PEO chains extending into the bulk aqueous medium (Dewez et al. 1996) . There are a wide range of PEO-PPO-PEO triblock copolymers with varying PEO and PPO chain lengths. The conformation and density of adsorbed PEO-PPO-PEO on hydrophobic surfaces vary depending on chain length of PEO and PPO blocks.
It has been reported (Dewez et al. 1996 ) that collagen adsorption and epithelial cell adhesion were prevented on hydrophobic substrates in the presence of Pluronic ® F68. It is expected that, more generally, PEO-PPO-PEO can reduce biomolecule adsorption (Caldwell 1997) , bacterial adhesion (Nejadnik et al. 2008 ) and thus biofilm formation. However, until now, to the best of our knowledge, a PEO-PPO-PEO triblock copolymer has not been immobilized on metal oxide surfaces to reduce protein adsorption, due to the hydrophilic nature of such surfaces.
The results of Nejadnik show that the adsorbed layer of Pluronic F127 is less than 2 nm thick on titanium oxide, suggesting a pancake rather than brush conformation, but these authors did not further investigate the protein resistance of the layer (Nejadnik et al. 2009 ).
Several methods have been reported to hydrophobize the surface of metal oxides by modifying surface chemistry and possibly also surface topography, eg by means of selfassembled monolayers (SAM) or by introducing nano-or microstructures (Chen et al. 2008; Li et al. 2012) . Self-assembly of small molecules on metal surfaces is widely used to modify assembled on gold or silver (Ulman 1996; Love et al. 2005) . Such strategy can however not be used on metal oxide surfaces. The self-assembly of alkylsilanes is another possible approach, but the control of assembly and the stability of the obtained layers raise many issues (Dekeyser et al. 2008; Dekeyser et al. 2012) . Recently, self-assembly of alkane phosphonic acid has been applied on a wide range of metal oxide surfaces, including stainless steel (Van Alsten 1999), aluminium oxide (Nie 2010) , copper oxide (Hoque et al. 2009 ), copper-nickel alloy (Kruszewski et al. 2012 ) and titanium oxide (Gawalt et al. 2001) . It was reported that alkane phosphonic acid molecules bind covalently to the oxide surface (Helmy & Fadeev 2002) . The bonding mode (eg monodentate, bidentate or tridentate) however highly depends on the substrate (Fonder et al. 2011) . It was showed that the water contact angle of copper oxide modified with a self-assembled monolayer of octadecylphosphonic acid is higher than 140° (Hoque et al. 2009 ).
The aim of this study is to design a protein-resistant layer on metal oxide surfaces (titanium and stainless steel) by a two-step approach (Figure 1 ). First, self-assembly of octadecylphosphonic acid (OPA) was performed on titanium or stainless steel to obtain a hydrophobic surface, which is expected to favor PEO-PPO-PEO adsorption. The ability of PEO-PPO-PEO to prevent protein adsorption was then tested in two ways. On the one hand, PEO-PPO-PEO was preadsorbed on OPA-conditioned titanium or stainless steel, and the subsequent adsorption of three different model proteins (bovine serum albumin, fibrinogen, cytochrome C) was monitored by quartz crystal microbalance (QCM), a well-suited tool to monitor the successive deposition of the copolymer and the proteins. On the other hand, the competitive adsorption of PEO-PPO-PEO and BSA was examined using X-ray photoelectron spectroscopy (XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS Artificial seawater (ASW) (Berglin & Elwing 2008 ) (see composition in Table 2 ) was sterilized after preparation, and then stored at 4°C. Filtered (0.2 µm) ASW was used to prepare protein and Plu solutions. BSA (65 kDa) (Carter & Ho 1994) , Fb (340 kDa) (Haynes & Norde 1994) , CytC (11.7 kDa) (Nakanishi et al. 2001) and Plu were dissolved in ASW at a concentration of 0.2, 0.1, 0.5 and 2 mg mL -1 , respectively. It was checked that at these concentrations, these proteins reach their adsorption plateau over a short period of time.
Regarding Plu, in a preliminary experiment, adsorption was performed on hydrophobic polystyrene with sequential increase of concentration, and monitored by QCM. It was concluded that the adsorbed Plu amount reaches a plateau after a short period of time using 2 mg mL -1
. The plateau value did not increase anymore upon further increase of the concentration (results now shown).
Stainless steel 304 (SS) plates were 1 × 1 cm 2 squares, in short SS, with 1 mm thickness and mirror-like surfaces received from Arcelor Mittal (Belgium). Titanium samples 
Self-assembled monolayer preparation
Octadecylphosphonic acid (OPA) was dissolved in tetrahydrofuran (THF) at a concentration of 0.01 M. The cleaned metallic samples were immersed in OPA solution for 24 h. After removal from solution, the samples were rinsed 3 times with fresh THF in order to remove physisorbed molecules from the substrate surface, and dried in room conditions. The OPA-modified samples are referred to as Ti/OPA or SS/OPA.
Water contact angle (WCA) measurements
The wettability of metal surfaces before and after coating with OPA was investigated by measuring the contact angle using the sessile water drop method. A water drop of 1 µl was used for measurement at room temperature, and the contact angle was recorded 5 s after the water drop was deposited on the sample. For each type of sample, the reported value is the average of measurements made on triplicate samples (4 drops each).
Quartz crystal microbalance with dissipation monitoring (QCM-D)
The AT-cut quartz crystals, coated with either titanium (QSX310) or stainless steel 2343 (QSX304, similar to US standard 316), with a fundamental resonant frequency of 5
MHz and a diameter of 14 mm, were purchased from LOT-ORIEL Europe. The experiments were performed using a Q-Sense E4 instrument (Q-Sense, Gothenburg, Sweden). The crystals were cleaned according to the protocol provided by Q-Sense. All experiments were carried 3, 5, 7, 9, 11, 13) .
The principle and applications of QCM have been reviewed elsewhere (Marx 2003) .
In summary, the recorded shifts of frequency (∆f) are proportional to the mass loaded on the surface of the crystal while the changes of dissipation (∆D) are related to the viscoelastic properties of the adsorbed layer. If the adsorbed layer is assumed to be rigid and evenly distributed, the changes of adsorbed mass (∆m) can be calculated from ∆f, based on Sauerbrey equation (1) as follows:
Where c =17.7 ng Hz -1 cm -2 for a 5 MHz quartz crystal and n is the overtone number.
Note that all observed ∆D/∆f ratios recorded here were lower than 0.4 × 10 -6 (data not shown).
Therefore, ∆f may be considered proportional to the mass of the adsorbed layer (Reviakine et al. 2011) as described by Sauerbrey equation. Adsorbed Plu or protein mass was determined using all overtones except n = 1.
Artificial seawater was used as the background solution in all the experiments and was flowed into QCM cells for at least 1 h before performing adsorption steps, to ensure a flat baseline. To avoid bubbles, all solutions were degassed before use.
X-ray photoelectron spectroscopy (XPS)
XPS measurements were carried out with a Kratos Axis Ultra spectrometer (Kratos Analytical, UK), using monochromated Al Kα radiation (powered at 10 mA and 15 kV) and an eight-channeltrons detector. The analyzed area was 700 × 300 µm 2 . The vacuum in the analysis chamber was about 10 -6 Pa. The direction of photoelectron collection was 
Time-of-flight secondary ion mass spectrometry (ToF-SIMS)
ToF-SIMS measurements were performed with an ION-TOF V (ION-TOF, GmbH, Münster, Germany) spectrometer, using a Bi 3 + primary ion source. The analyzed area was 500 × 500 µm 2 and the acquisition time for each spectrum was 1 min. Three positive spectra were acquired on each sample with a pulsed 30 keV, 0.67 pA primary ion beam in the high current bunched mode. The total ion dose density was 1.1 × 10 11 Bi 3 + cm -2 , below the static SIMS limit. The mass resolution (m/∆m) of the positive secondary ion spectra was 9700 for C 4 H 7 + .
ToF-SIMS imaging from negative spectra was obtained in 10 min using a Bi 3 ++ primary ion source, with a pulsed 60 keV, I ac = 0.003 pA ion beam. Each image (surface area of 500 µm×500 µm) was composed of 256 × 256 pixels. The total ion dose density of acquired 99 peaks were selected, from the positive spectra, including mainly signal from amino acids, salts, metal oxides and contaminations, and the sum of their intensities was defined as the total intensity I tot . The relative intensity attributed to the signal from amino acids (I rel, AA ) was obtained using the following equation:
Where I AA is the intensity of peaks attributed to amino acids, and I salt is the intensity of peaks attributed to salts. I rel, AA measured on reference native and OPA-conditioned samples was systematically subtracted from I rel, AA of corresponding treated samples. All reported values are the average of three different positions on each sample.
Sample preparation and characterization
The process of Ti or SS surface modification using OPA self-assembly, then Plu and protein adsorption is shown schematically in Figure 1 . Ti and SS were first coated by OPA as described above to obtain hydrophobic surfaces. Hydrophobized Ti and SS crystals were mounted in QCM cells, where Plu and protein adsorption were successively performed (sequential adsorption). In another set of experiments, hydrophobic Ti and SS coupons were incubated in a mixed Plu (2 mg mL -1 ) and protein (BSA at 0.2 mg mL -1 ) solution in artificial seawater for 2 h (competitive adsorption), then rinsed 10 times in ultrapure water, dried under a nitrogen flow and analyzed by ToF-SIMS and XPS. Table 3 for Ti, and Table 4 for SS.
The wettability of the native Ti and SS crystals was measured just after cleaning. While the WCA of native Ti and SS was < 10º, the hydrophobicity of metal oxide surfaces increased after OPA coating up to 105.5° ± 1.1° and 99.3° ± 0.9° for Ti and SS, respectively. The stability of OPA coating was also tested. After 90 min of ultrasonication in ultrapure water, the value of the WCA was still 100.0° ± 1.1° and 100.9° ± 1.2° for Ti/OPA and SS/OPA, respectively, showing the good stability of the coatings. After the same treatment, the value of WCA was still below 10° for native Ti and SS.
The surface chemical composition obtained by XPS on Ti and SS crystals before and after OPA assembly is presented in Table 3 (Ti) and 4 (SS). Elements typical of these materials (Ti/O in a ratio close to 0.5 for Ti; Fe, Cr, Mn and O for SS) were found as expected.
A high level of carbon-based contamination was always observed (Kenausis et al. 2000) on native Ti and SS surface due to adventitious hydrocarbon from air or XPS chamber, and low concentrations of nitrogen, phosphorus, silicon and sulfur were detected as well. After OPA assembly, an increase in carbon and phosphorus content is observed as was expected from OPA composition. The ratio of C/P was close to 18, which is the expected value of C/P in OPA molecules. Moreover, the atomic fraction of elements from the substrate (Ti, Fe, Cr) was significantly attenuated after OPA coating.
The C 1s spectra of Ti and SS before and after OPA coating are shown in Figure 2 .
The C 1s spectra of native Ti and SS (Figure 2a, 2c) are mainly composed of two peaks at 284.8 eV, due to carbon only bound to carbon and hydrogen C-(C,H), and at 286.2 eV, due to carbon bound to oxygen or nitrogen C-(N,O). These carbon species are considered as Figure 3 . The images clearly highlight the presence of OPA at the surface after treatment (Figure 3b, 3d) . On the contrary, only noise is detected on native Ti and SS (Figure 3a, 3c) . The OPA coating also seemed more homogenous on Ti/OPA compared to SS/OPA.
Monitoring Plu and protein sequential adsorption using QCM
QCM has first been used to study Plu adsorption on SS, Ti, SS/OPA and Ti/OPA.
Graphs showing the evolution of ∆f and ∆D with time are presented in Figure 4 . Both ∆f and ∆D are markedly larger on Ti/OPA and SS/OPA compared to Ti and SS. On treated metal oxides, ∆f decreased rapidly in the first 10 min and was associated to a clear ∆D increase.
After that, ∆f still decreased slightly up to -40 Hz in the next hour without any further dissipation shift. After rinsing with ASW to remove loosely adsorbed Plu, only a small The protein resistance ability of Plu on Ti and SS surfaces was examined in presence or absence of OPA coating. Figure 5 shows the results obtained by QCM. Protein adsorption was first monitored in absence of Plu adsorption step (solid lines). For a given type of surface, ∆f was more negative and therefore the amount of adsorbed protein increased with increasing molecular mass of the protein (CytC < BSA < Fb). For a given protein, the level of adsorption was however different on native and OPA-conditioned surfaces: BSA and CytC adsorption was favored on the native compared to the OPA-conditioned surfaces, while the contrary was observed for Fb.
Plu preadsorption was carried out as follows: first, Plu was adsorbed for 2 h until saturation was reached. Then the surface was rinsed with artificial seawater to get a flat baseline again. For the sake of clarity, the baseline was set to zero at that stage. After that, protein adsorption was performed (see dashed lines in Figure 5 ). The changes of ∆f were negligible after protein adsorption when Plu was preadsorbed on Ti/OPA and SS/OPA ( Figure   5 . dashed lines). This demonstrates the protein resistance of Plu coatings on Ti/OPA and SS/OPA. The control experiments presented in Figure 6 (dashed lines) prove that preadsorption of Plu on native Ti and SS does not allow protein adsorption to be prevented.
The observed adsorption is indeed very similar to the one observed in the absence of Plu precoating on Ti or SS ( Figure 6 , solid lines).
Competitive Plu and protein adsorption examined by XPS and ToF-SIMS
Competitive adsorption from a mixed Plu and BSA solution was carried for 2 h on native and OPA-conditioned Ti and SS. Single adsorption experiments (BSA or Plu alone) Figure 7 . A small SiC component appeared at about 281.5 eV on the native Ti surface, probably due to the polishing process.
Except for that, very similar results were obtained for Ti and SS. Therefore, only the results for Ti will be described in the text. clearly showed a significant amount of protein adsorbed on both native and OPA-conditioned Ti and SS in absence of Plu. Adsorption of Plu on native Ti and SS surfaces did not prevent protein adsorption due to the lack of adsorption of Plu on these hydrophilic surfaces.
Competitive adsorption of Plu and BSA on OPA-conditioned Ti and SS surfaces showed that BSA adsorption could be prevented or adsorbed BSA could be displaced on Ti/OPA and SS/OPA in the presence of Plu.
Self-assembly of small molecules, such as alkanethiols on gold (Love et al. 2005 ) and alkylsilanes on silica (Ulman 1996) , produce well-ordered coatings which may be used to control wettability, biocompatibility and functional groups on the surface (Van Alsten 1999).
Here, octadecylphosphonic acid (OPA) was self-assembled on Ti and SS surfaces because this strategy is well-suited for metal oxide surfaces. The thickness and structure of OPA layer was studied in detail elsewhere (Keszthelyi et al. 2006) . Briefly, the mechanism of assembly is Table   3 and 4, and shape of O 1s peaks, not shown here). The WCA measured after OPA assembly (see Table 3 and 4) are attributed to the terminal methyl groups of alkyl chains, pointing outward from the metal surface after treatment. Well-organized hydrophobic layers are thus obtained. XPS and ToF-SIMS results (see Figure 2 and 3) also point to the formation of a relatively homogeneous coating, and to the displacement of carbon-based contaminants upon assembly. The obtained OPA layer was somewhat less homogeneous on SS/OPA compared to Ti/OPA, maybe due to the fact that SS is an alloy.
It is clearly shown in Figure 5 that surface hydrophobicity influences protein adsorption. The adsorbed amount of BSA and CytC on Ti/OPA and SS/OPA was less than on native Ti and SS surfaces (Figure 5a , 5b, 5e, 5f). As calculated by Sauerbrey equation, the respective adsorbed mass of BSA and CytC are ~630 ng cm -2 and ~370 ng cm -2 on Ti, and 420 ng cm -2 and 130 ng cm -2 on Ti/OPA. Similar values are found on SS. Hydrophobic interaction is identified as the main driving force for BSA and CytC adsorption onto hydrophobic surfaces (van der Veen et al. 2007) . It was shown (Roach et al. 2005 ) that BSA, a so-called soft protein, undergoes a structural rearrangement (deformation) when adsorbed on hydrophobic surfaces. Flattening of the protein molecules on the surface leads to a lower adsorbed amount because the area occupied per molecule increases and a monolayer is thus formed which contains fewer molecules. In contrast, fibrinogen is known to be a hard protein, with a rod shape (Nakanishi et al. 2001) . Here, we show that it adsorbs more onto Ti/OPA and SS/OPA, compared to native Ti and SS (Figure 5c, 5d) . The adsorbed mass of Fb was ~950 ng cm -2 on Ti and ~1940 ng cm -2 on Ti/OPA, respectively. This could be explained by The PEO-PPO-PEO triblock copolymer adsorption mechanism is thought to be based on the hydrophobic interaction between PPO blocks and alkyl groups of OPA on Ti/OPA or SS/OPA surfaces. As shown in Figure 4 , Plu adsorbs very fast (~10 min) onto the OPAconditioned surfaces. This fast adsorption rate may be attributed to the abundant free sites for adsorption on hydrophobic surfaces in the beginning of the process. As more and more sites were occupied, the changes in frequency shift related to adsorption slowed down, and a plateau was reached. At this stage, it is assumed that Plu forms a brush structure with relatively high density on Ti/OPA and SS/OPA, which prevents further Plu molecules to approach (Nejadnik et al. 2009 ). It has been reported (Nejadnik et al. 2009 ) that PEO-PPO-PEO can form a brush structure on hydrophobic surfaces with WCA above 80°, which is then effective to reduce protein adsorption (Schroen et al. 1995) . In contrast, PEO-PPO-PEO can form a pancake structure on hydrophilic surfaces (Schroen et al. 1995) , which is insufficient 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Chang et al. 2010) . The mechanism of protein resistance ability of PEO-PPO-PEO is attributed to the high hydration of PEO chains extending into the bulk solution, resulting in a steric barrier (Freij-Larsson et al. 1996; Green et al. 1998) . (1997) . The presence of Pluronic F68 was shown to reduce collagen adsorption, and the effect was more pronounced as the substrate hydrophobicity was higher (Dewez et al. 1997) . Other results of the same author showed that pre-adsorbed extracellular matrix (ECM) proteins are (Dewez et al. 1999 ).
The displacement kinetics of BSA or other fouling compounds by Plu might be related to the hydrophobicity of underlying substrate and the nature of these compounds. Furthermore, Detrait (1998) showed that Pluronic F68 reduces the adsorption of adhesive proteins (fibronectin or collagen) on hydrophobic polystyrene surface by competitive adsorption, thereby reducing cell adhesion (Detrait et al. 1998 ). The possibility to desorb an already formed conditioning film would open the way to an interesting strategy of decontamination of fouled surfaces. In undergoing work, we have actually shown that Pseudomonas adhesion on SS/OPA is strongly reduced by preadsorption of Plu, or by addition of Plu after the bacterial adhesion step (Yang et al, to be published) .
Conclusion
The present work provides a two-step approach to create PEO-modified surfaces on metallic oxide surfaces (here, SS and Ti). First, the surfaces are modified by an OPA selfassembled coating which makes them hydrophobic. Then, a PEO-PPO-PEO copolymer ( , which is comparable to the density measured on PLL-g-PEG adsorbed on metal oxide surfaces. A one-step approach was then investigated, in which the metal oxide surfaces are only modified by OPA self-assembly.
Plu is then simply added to the fouling solution. The results show that in these conditions, prevention of protein adsorption is also successful. These approaches could be used to reduce bacterial adhesion and biofilm formation, and are applicable on other metal oxide surfaces as . OPA coating was prepared before QCM experiment, and Plu adsorption was performed within the same QCM experiment. All graphs were however set to ∆f = 0 at t = 0 min when protein adsorption started, to allow comparisons to be made. Arrows indicate ASW rinsing after protein adsorption. Figure 6 . ∆f vs time for the adsorption of Fb on Ti (a) and of CytC on SS (b) with (dashed line) or without (solid line) preadsorption of Plu. Plu adsorption was performed within the same QCM experiment. All graphs were however set to ∆f = 0 at t = 0 min when protein adsorption started, to allow comparisons to be made. Arrows indicate ASW rinsing after protein adsorption. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
